In this paper, we report a unique multi-channel Photonic Crystal Fibre (PCF) sensor based on Surface Plasmon Resonance (SPR) structure comprising of silver and gold doped plasmonic layers for multi-analyte sensing applications. We deployed a Full Vectorial Finite Element Method (FV-FEM) to investigate the sensitivity performance of the proposed PCF sensor. The SPR sensor is fully optimised to ensure propagation features, such as confinement loss, resonance condition, resolution and sensitivity are investigated within various optimised design parameters. According to spectral sensitivity analyses, 2500 nm/RIU and 3083 nm/RIU with 4 × 10 −5 RIU and 3.2 × 10 −5 RIU resolutions are obtained for Channel 1 (Ch1) (x-polarized) and Channel 2 (Ch2) (y-polarized), respectively.
Introduction
Surface Plasmon Resonance (SPR) method is one of the proven advanced techniques used for detecting molecular interaction. The SPR method can be applied to various sensing applications such as chemical [1] , biochemical [2] and bio-sensing [3] without molecule labelling requirements [4] . Kretschmann Raether prism geometry [5] , optical fibre coupling [6] - [9] and diffraction on periodic metallic gratings [10] , [11] are the most known approaches, whereby SPR techniques can be applied. When comparing the stated approaches [1] - [11] , optical fibre based techniques can offer extra additional advantages [12] . Particularly, when the SPR method is combined with the Photonic Crystal Fibre (PCF) technology, they become very attractive for designing sensors with high sensitivity and selectivity. As know, unique propagation and physical properties of the PCFs offer significant advantages in terms of designing fibre sensors with high sensitivity and selectivity performance.
The advantages of PCF sensor devices such as; lightweight, compactness and high signalto-noise ratio, allows these devices to be very attractive for designing high rate-robust sensors for various sensing applications. Furthermore, their electromagnetic interference resistivity and remote sensing abilities make them amongst the best alternative sensor devices when compared against other bulky sensor configuration approaches [13] , [6] .
The SPR based sensors, reported by Kretschmann Raether prism geometry [5] , relies on detecting the Refractive Index (RI) changes on the target medium. The RI change follows when the resonance condition transpires. The resonance condition phenomenon can be simply described as the phase matching of p-polarized light and the Surface Plasmon Waves (SPW) onplasmonic surfaces. During the resonance condition, the optimum energy transfer from fundamental mode to plasmons occurs where the highest confinement loss level is reached. In this regard, the resonance wavelength variations are indicating within the RI changes of the targeted medium. The spectral interrogation method is used to sense the variations of resonance wavelengths (peak points) [14] . However, due to the high cost and bulky configuration of Kretschmann Raether's prism geometry, optical fibre based sensors are deemed more suitable for remote sensing and miniaturized sensor applications [1] . Previously published articles shown that special type structures such as U-shaped [15] , [16] and D-shaped [17] PCF based SPR models exhibits high sensitivity for various analytes. Moreover, exceptional optical properties of PCFs, including high filtering performance [18] , ultra-low confinement loss and large effective mode area [19] , large cut-off ratio for endlessly single-mode propagation [20] , low bending loss [21] , rich double-cladding features [22] , composite resonant cavity [23] high-birefringent [24] , ultra-flat dispersion [25] may provide additional advantages on designing a sensor with desired propagation features. To the best of our knowledge, Hassani et al. [6] initially combined the PCF technology with the SPR method. This phenomenon took SPR based sensors one step forward when comparing with previous sensor structures [6] . This work [6] involved two different designs, where the analyte channel was covered internally and externally by a metallic layer. Since then, many similar sensor designs for single analyte sensing purposes have been reported [14] , [24] , [26] - [29] . On the other hand, reducing the sensing time and possibility of simultaneous sensing of multi targets became visible by using a multi-analyte sensing approach. In 2011, Zhang et al. [30] proposed the first Micro-structured Optical Fiber (MOF) based multichannel plasmonic sensor design for multi-analyte sensing. In this study [30] , to overcome the sample infiltration challenge of micron-sized channels, wagon wheel fibre with gold as a plasmonic material is used. Theoretically, 1535 nm/RIU and 1550 nm/RIU sensitivity levels are reported for Channel 1 (Ch1) and Channel 2 (Ch2), respectively, where the RI varies between 1.33 and 1.46.
In 2015, Otupuri et al. [31] demonstrated a PCF based multi-analyte sensor, where Au and Ta 2 TO 5 are used as an active plasmonic material between large micro-fluidic analyte channels and cladding of the PCF core. High birefringence is achieved by employing the elliptical air holes in the cladding region. In this study [31] , the reported sensitivity levels were up to 4600 nm/RIU for Ch1 (x-polarized) and 2300 nm/RIU for Ch2 (y-polarized) where RI varies between 1.33 to 1.36. Following year, Azzam et al. [32] have numerically investigated a similar multi-analyte sensor structure. In this study [32] , resonance conditions of higher-order modes are investigated, where Au was engaged as plasmonic material. It is found that sensitivity levels of 2200, 2400, 2200, and 2400 nm/RIU can be reached with the HE x 11 , HE y 11 , HE x 21 and HE y 21 , respectively. On the other hand, Lu et al. [33] demonstrated a dual-channel multilayer-coated SPR sensor for dual refractive index measurements. In this study, a conventional optical fibre structure is used with externally coated bilayer (Au with Indium Tin Oxide (ITO)) and internally coated with Ag layers. in Ref. [33] have numerically calculated that 1951 nm/RIU and 2496 nm/RIU sensitivities can be achieved for Ch1 and Ch2, respectively. Recently, Kaur et al. [34] demonstrated also a multi-analyte SPR sensor based on PCF structure. In their design [34] , dual analyte channels surrounded by Au layers in the core region of the PCF are proposed, where the RI of analyte varies between 1.30-1.40. They [34] have achieved sensitivity levels of 1000 nm/RIU and 3750 nm/RIU for Ch1 and Ch2, respectively.
Previous research has shown that multi-analyte optical sensors; exhibit unique features that can be applied in various sensing applications [14] - [24] . In our proposed structure, to achieve desired propagation features a new PCF structure configuration is designed and optimised. It is well known that, sought after propagation features; such as resonance wavelength, confinement loss and birefringence can be controlled by tuning the design parameters of PCF structure. Therefore, PCF design parameters such as hole-to-hole distance, air hole size and air hole shape are significant. Additionally, the sensor channels where the analyte is investigated; the channel size, channel distance and thickness of the metallic layers play a critical role in achieving such desired propagation features. These aforementioned parameters are crucial for the practical implementation of the proposed sensor. As a result, large analyte channels with outer metal layer designs [6] , [28] and the considerably large hole-to-hole spacing would be a more practical solution. In addition to this, the study of the silver/gold was preferred as a metallic layer. In this proposed study, we demonstrate numerically external coated multi-channel PCF based SPR sensor, illustrated in Fig. 1 . The proposed sensor is relying on four concentric channels for liquid analysis (Water (n = 1.33), Ethanol (n = 1.354) and several commercial hydrocarbon mixtures (n = 1.366) [35] ). Due to the asymmetric nature of the proposed structure, x-and y-polarized modes are used individually for detecting analytes.
Modelling and Numerical Analysis
The highly sensitive proposed dual analyte PCF based SPR sensors configuration with four identical analyte channels is illustrated in Fig. 1 . Full-Vectorial Finite Element Method (FV-FEM) is used to design, optimise and evaluate the sensor performance. Intensive simulations using FV-FEM have been performed for the stated analytes, and optimal structural parameters have been determined in terms of sensor sensitivity and selectivity. Fig. 1 illustrates the cross section of proposed PCF-SPR sensors incorporating twenty-seven various sized air holes, which are hexagonally arranged on a silica background. As can be seen, circular-shaped Perfectly Matched Layers (PMLs) are employed around the sensor boundaries [25] , [26] . The metal layers are placed on the face of four analyte channels towards the centre of the PCF core. To confine and guide the fundamental modes in the core region; various sized air holes (d c , d 1 , d 2 , d 3 , d 4 , d 5 ) are located on the first, second and third ring of the proposed model. The phase-matching condition between the plasmon and fundamental core mode is controlled by varying the central air hole (d c ). The air holes, in the first ring (d 1 , d 2 ), are designed to trap the light in the core region. On the other hand, the air holes in the second (d 3 , d 4 ) and third (d 5 ) rings are used for tuning the amount of light leakage towards the outer shell of the PCF. The diameter of air holes are fixed as d c = 0.5 μm, d 1 = 0.9 μm, d 2 = 1 μm, d 3 = 0.5 μm, d 4 = 0.3 μm and d 5 = 1.5 μm, while hole to hole distance ( ) is set to 2.4 μm. The idea of utilizing diverse size air gaps in the cladding is to produce the birefringence, where it leads to divergent wavelength and SPR intensities of x-and y-polarized modes [14] .
As can be seen from Fig. 1 , four analyte channels are positioned perpendicular to each other. Vertically positioned identical channels hosting single analyte are labelled as Channel 1 (Ch1), while the horizontally positioned ones are accommodating different analyte are labelled as Channel 2 (Ch2). The analyte channels are constructed by etching the PCF from its edges towards the core. The etching width (t w ) is set be 4 μm, where the etching height is divided into two layers, the first layer (t h1 ) is 2 μm and second one (t h2 )) is 4 μm. The metal layer thicknesses are also set to 40 nm for both gold and silver. The gold and the silver permittivity values are wavelength depended, they are taken from Johnson and Christy [36] data, and Palik [37] data, respectively.
Next, we focus on finding the differences of confinement loss peaks (resonance condition) using the spectral sensitivity method. The loss curve is expected to reach the highest point at the resonance phase matching between core and plasmon modes. The confinement losses are calculated by using the equation [38] , [39] :
where, Im(n ef f ) is the imaginary part of effective refractive index. The RI changes can be detected by varying analyte properties. The analyte variations can be realised with the shifts on resonance condition wavelength. The Resonance condition changes are directly affecting the propagation features of the fundamental mode, surface plasmon mode and the penetration depth of the evanescent field. The magnitude and wavelength shifts on the resonance condition (phase matching) are the main indications [40] . The sensitivity of these type of SPR sensors can be directly associated with resonance wavelength and the loss characteristics of the structure [41] . The spectral interrogation method is used to determine the sensitivity of the proposed PCF model at a particular operating wavelength. Differences of the phase-matching loss peaks are considered thoroughly and the following equation is used to calculate the sensitivity of the proposed SPR sensor [38] :
where, λ peak and n a are differences of phase matching loss peaks and analyte RI, respectively. The sensitivity and resolution levels of the SPR sensor are two critical parameters that determine the performance of SPR type sensors. Resolution (R) is defined as the minor variation detection of the resonance wavelength. The detection of SPR based sensors can be limited with the unbalanced sensitivity to resolution ratio. In this respect, high sensitivity with low resolution is desirable for these type of sensors [41] . Resolution (R) can be calculated using the following equation [38] :
where λ min is assumed to be 0.1 nm.
Results and Discussion
The resonance condition is the key parameter that affects the sensitivity performance of the proposed PCF sensor. It can be described as the maximum energy transfer from the reflected light into SPWs at the evanescent field. Due to this phenomenon, the confinement loss reaches its highest peak point at that particular wavelength. When the RI of analyte changes, the wavelength that satisfies the resonance condition also changes. To increase the interaction between the analyte and the sensing interactions, the stronger modal field is required [28] . Therefore, in this study, only the fundamental core (HE x 11 and HE y 11 ) and plasmon modes are considered. The analyses that have been investigated, using the proposed PCF SPR sensor, are carried out in the x-y plane, while the incident light wave propagates in the z-direction.
The resonance condition for both HE x 11 and HE y 11 modes can be seen in Fig. 2(a) and Fig. 2(b) , respectively. Fig. 2(a) , illustrates the obtained results when the refractive index of analyte in Ch1 is 1.354 and in Ch2 is 1.33. Conversely, in Fig. 2(b) , the analyte channel RI are exchanged with each other, where Ch1 is 1.33 and Ch2 is 1.354. It can be seen that x-and y-polarized fundamental (red dashed line) and plasmon (grey long dashed line) modes are intersecting at the operating wavelength 633 nm and 565 nm, respectively. Also, the highest peak points of loss curves are obtained at the same wavelength when plasmon and fundamental modes are interacting. At these peaks the maximum energy transform occurs from the core to the plasmon modes. In this study, two different (analyte) channels are used for simultaneous sensing of the proposed analytes. To investigate the performance of the proposed sensor, variations of RI in both channels have been tested. Initially, the RI value of Ch1 is fixed to 1.33, where 3 different analyte variations on Ch2 have been applied. In Fig. 3(a) and (b), we illustrated the obtained results of the loss variation as a function of wavelength when Ch1 RI is fixed to 1.33; (a) HE x 11 and (b) HE y 11 . As can be seen from Fig. 3(a) , the peak point of loss curves (resonance wavelengths) for x-polarized fundamental modes are not affected by analyte changes in Ch2. On the other hand, as can be seen from Fig. 3 , resonance wavelength shifts to longer wavelengths and the loss levels are growing with RI increase for the y-polarized fundamental mode.
In Fig. 4 , the contrary scenario is studied, where the RI value of Ch2 is fixed to 1.33. It can be seen that the resonance wavelength in x-polarized fundamental mode shifts to longer wavelengths with analyte variations, where no change has been observed in y-polarized mode. This shows that Ch1 is responding for x-polarized fundamental mode and Ch2 for y-polarized fundamental mode only. Therefore, this feature leads to simultaneous multi-analyte sensing. Variation losses as a function of wavelength for both channels where the RI is fixed to 1.354 and 1.366 are validated in Fig. 5(a) and (c) for HE x 11 polarised; (b) and (d) for HE y 11 polarised, and Fig. 6 (a) and (c) for HE x 11 polarised; (b) and (d) for HE y 11 polarised, respectively. Both figures have shown that the resonance wavelength behaviour of the proposed PCF sensor is experiencing similar trends to Fig. 3 and Fig. 4 . Thus, if analyte RI in Ch1 kept constant while in Ch2 RI is varied, the changes on-resonance condition occurs only at y-polarized modes. Likewise, when analyte RI in Ch2 is kept constant while in Ch1 RI is varied, the changes on-resonance condition occurs only at x-polarized modes. The polarization mode response changes due to analyte RI changes, confirming that our proposed PCF based on SPR sensor can be used for multi-analyte sensing.
Previous studies have confirmed that silver is weak against oxidation [42] - [44] . Therefore, the requirement for an additional protection layer becomes vital for long-term sensor applications. In this regard, from a practical point of view, effects of the graphene as a protection layer are investigated. Schematics of the new PCF based SPR sensor configuration, when graphene is deployed as a protection layer for silver and gold, is illustrated in Fig. 7(a) . Loss variation as a function of wavelength when Ch1 RI is fixed to 1.33 and Ch2 RI is varied (1.33, 1.354 and 1.366), are shown in Fig. 7(b) for HE x 11 and (c) HE y 11 , respectively It can be seen that when additional graphene layers are used, the sensor shows similar behaviour with Au-Ag layered structures. However, the level of loss peak curves on the y-polarized mode is increasing with the additional graphene layer. Due to the aromatic structure of the graphene layer, millions of benzene rings make the sensor surface much suitable for π -π stacking. This feature leads the sensor to interact with molecules in aromatic groups effectively. As a result of this interaction, the overall sensitivity of the sensor is enhanced in y-polarized mode. This change occurs only in the y-polarized mode due to the placement of silver and graphene layers.
Another critical factor that affects the propagation and interaction properties of the proposed PCF structure, is the size of the air holes within the cladding region. In terms of light confinement, larger air holes are desirable, however, this may limit the light leakage towards the metallic layers. Therefore, this would reduce the energy transfer from fundamental modes to surface plasmon
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Multi-Channel PCF-Based SPR Sensor waves. On the other hand, smaller air holes may increase the light leakage towards the outer shell, however confinement loss will be too high may limit the sensor length, which would reduce the detection performance [6] , [29] . Therefore, optimisation of precision dimensions of the size of air holes is critical.
In Fig. 8 , the effect of the air hole sizes (d 1 and d 2 ) are investigated for both x-and y-polarized modes. As can be seen from both Fig. 7(a) and (b) , the size of the air holes is determining the level of the losses. As expected, larger air hole sizes contribute to the reduction of losses, whereas the smaller size of air holes contribute to increasing the losses. Although there is immense change on the losses, 20% air hole size variation is not effecting the phase matching wavelengths.
The thickness of the metallic layer is another important factor that effects the interaction properties of the resonance condition of the proposed sensor structure. In Fig. 9 , the effects of metal layer thicknesses from 30 nm to 50 nm are studied thoroughly for both polarised modes (a) HE x 11 and (b) HE y 11 . To make a fair comparison, the RI value is kept fixed to 1.33 for both analyte channels. It can be seen that the thicknesses of the metallic layer are decisive on the impact of the resonance condition. Thus, increasing metallic layer thickness lead to reduction of the loss levels, when the resonance condition is shifted to longer wavelengths.
Multi-Channel PCF-Based SPR Sensor The spectral sensitivity of the proposed sensor is summarized in Table 1 . Numerical results presented in Fig. 3 to Fig. 6 are considered thoroughly. According to the loss characteristics of each graph, sensitivity results are calculated for both x-and y-polarized fundamental modes. It can be realized from the obtained results that y-mode becomes active whereas the x-mode becomes passive when the analyte RI is constant in Ch1. On the other hand, the x-polarized mode becomes active whereas y-mode becomes passive, where the analyte RI in Ch2 is kept constant. According to our simulation results, the highest spectral sensitivity is calculated as 2500 nm/RIU and 3083 nm/RIU with resolutions 4 x 10 −5 RIU and 3.2 x 10 −5 RIU, for x and y-polarized fundamental modes, respectively. Finally, the average sensitivities are obtained from the linear fitting calculations as 1892 nm/RIU and 2337 nm/RIU, for x and y-polarized modes, respectively. High Sensor linearity response is the desired parameter that determines the performance of the sensor applications. The linear fitting graph concerning the resonance wavelengths is presented in Fig. 10 . The linear fitting equations for x-and y-polarized fundamental modes are given in Equations 4 and 5, respectively. The refractive index of an analyte is denoted by n. For different refractive index values, the average sensitivity is calculated from the slope of the following equations.
The linear response is calculated from the R 2 , which is shown in Fig. 10 . The proposed PCF sensor exhibits an excellent linear sensing response where high R 2 value indicates the high performance of the sensor design (as presented in Fig. 10 ). The comparison of our proposed structure against previously published results has been presented in Table 2 . Features such as the structural design, type of plasmonic material, wavelength, RI range, linearity and sensitivity parameters are considered for each reference sensor. It can be confirmed that the proposed sensor offers higher sensitivity when compared to the structures presented in Ref. [30] , Ref. [32] and Ref. [33] . Although, results presented in Ref. [31] show that Ch1 exhibits higher sensitivity compared to our structure, Ch2 of our proposed structure demonstrates better advanced sensitivity levels. It is worth pointing out that results in Ref. [34] are at a different wavelength range, therefore a true comparison is not possible. Finally, conventional stack and draw or recently developed fused array preform method can be used for fabricating micron size air hole structures [40] , [45] . Alternatively, the slurry casting [46] or sol-gel [47] methods which provides additional design flexibilities (independent adjustment of the hole size, shape, and spacing) can be used for fabricating cladding holes along the Ch1 and Ch2. The air holes can be organized precisely through careful process control. Therefore, the shift distance of cladding air holes, can be controlled efficiently [32] . Due to large analyte channels the analyte infiltration process will be easier. The analyte channels can be obtained by side-polishing technique [48] . Initially the structure can be etched from its edges with the height of t h1 , then from the middle of the etched section the etching process continue towards the centre of core with the width of t w and the height of t h2 . The deposition of the metallic layers through the four analyte channels can be achieved by using High-pressure chemical vapour deposition or electroless plating techniques for Au layer [49] , [50] and electron beam evaporation method for Silver layer [50] . It is worth noting that, the half shaped 8 cladding holes around the Ch2 may be filled with analyte during the etching process. Our numerical results have shown that, when half shaped cladding holes are filled with analyte, the performance of the proposed sensor will not be effected. 
Conclusion
In this study, a novel PCF based SPR sensor is proposed and demonstrated for multi-analyte sensing applications. Key sensor parameters such as; confinement losses, resonance conditions, metal layer thicknesses, air hole diameters, spectral sensitivities and their resolutions are investigated in terms of sensitivity and selectivity performance. The optimised SPR sensor achieved spectral sensitivity (RI between 1.33 and 1.366) up to 2500 nm/RIU and 3083 nm/RIU with 4 × 10 −5 RIU and 3.2 × 10 −5 RIU resolutions for Ch1 (x-polarized) and Ch2 (y-polarized), respectively. The demonstrated average sensitivities of the proposed sensor for both channels are; 1892 nm/RIU for Ch1 and 2337 nm/RIU for Ch2. Further, a high linearity for both channels, Ch1 and Ch2, has been obtained. It is demonstrated that the proposed SPR sensor design offers overall enhanced sensitivity performance compared to previously published multi-analyte studies [30] - [34] .
